Cell walls were prepared from various species of the genus Pseudomonas which are resistant to ethylenediaminetetra-acetic acid (EDTA). The cell walls were analysed and comparisons made with the walls of EDTA-sensitive pseudomonads. The walls had none of the structural features which appeared to characterize EDTA-sensitive pseudomonads. Lipopolysaccharide was not extracted from the walls of resistant organisms by EDTA at pH 9-2. The wall of P . iodinum contained almost no lipid or protein but consisted mainly of glycosaminopeptide and material which resembled a teichoic acid. It is proposed that this organism be removed from the genus Pseudomonas. The walls of P. diminuta, P. maltophilia, P. pavonacea and P. rubescens had compositions broadly characteristic of Gram-negative bacteria. The four species are not obviously related. Glycolipids were present in the walls of P. diminuta, P. maltophilia and P. rubescens. An ornithine-containing lipid was isolated from P. rubescens and partly characterized. A small amount of this lipid was also present in P. maltophilia. The wall of P. maltophilia was distinctive in its wide range of monosaccharide components, including an unidentified neutral sugar of high mobility on paper chromatograms.
INTRODUCTION
Ethylenediaminetetra-acetic acid (EDTA) has a toxic effect on Pseudomonas aeruginosa (MacGregor & Elliker, 1958; Gray & Wilkinson, 1965a; Eagon & Carson, 1965; Wilkinson, 1967) , apparently the result of a lytic action by it on the cell wall of the organism (Gray & Wilkinson, 1965a, b ; Eagon & Carson, 1965) . A correlation has been found between bactericidal activity and chelate stability constants for polyaminocarboxylic acids related to EDTA, which indicated that chelation was involved in the toxic action of these compounds (Gray & Wilkinson, 19654 . The structural importance of multivalent metal cations in the wall of P. aeruginosa has been confirmed (Eagon & Carson, 1965; Asbell & Eagon, 1966a, b) . Treatmh of the bacteria with EDTA caused these cations to become soluble (Eagon & Carson, 1965) and also of the lipopolysaccharide component of the cell wall (Gray & Wilkinson, 1965 b). Although EDTA has been found to extract lipopolysaccharide from Escherichia coli, the bacteria remained viable under the conditions used (Leive, 1965) . Except when used in conjunction with organic cations (Wolin, 1966; Goldschmidt & Wyss, 1967; Voss, 1967) , EDTA does not seem to be highly toxic for Gram-negative bacteria other than pseudomonads (Gray & Wilkinson, 1965 a; Wilkinson, 1967) . This hypersensitivity to EDTA might prove to be a useful characteristic in the taxonomy of the pseudomonads (Shively & Hartsell, 1964; Wilkinson, 1967 (1956) without prior hydrolysis of samples, and was expressed as glucose. Reactions with cysteine were used to estimate rhamnose (Dische & Shettles, 1948) and aldoheptoses (Osborn, 1963) . Cell walls were examined for the presence of 2-keto-3-deoxyaldonic acids as described by Osborn (1963) : for the purpose of calibration 0.01 pmole of acid was taken to give an extinction of 0-2 (in a I cm. cell) at 548 mp. Amino compounds in hydrolysates were estimated using a Technicon AutoAnalyser. Ornithine was estimated by the acid ninhydrin reaction using the reagent (b) described by Work (1957) .
Identijication of amino acids. Samples to be analysed were hydrolysed under nitrogen in sealed ampoules with 6 N-HCl for 16 hr at 105~. Insoluble material was removed by filtration through sintered glass (no. 4 porosity) and acid was removed by repeated drying in vacuum over P20, and KOH. Amino acids in the hydrolysates were identified by ion-exchange chromatography by using the AutoAnalyser, by ascending twodimensional paper chromatography on Whatman no. 20 paper using the solvent systems VI followed by VII, and by two-dimensional thin-layer chromatography on silica gel G (Merck) using the solvent systems chloroform + methanol + 17 % (w/v) aq. ammonia (2+2+ I, by vol.) followed by phenol+water (3 + I, by wt) containing 0.02% (w/v) NaCN (Brenner, Niederwieser & Pataki, 1964) . Spots were detected with ninhydrin. Ornithine was also identified by the spectrum of the product formed in the acid ninhydrin reaction, and by one-dimensional thin-layer chromatography on ether-washed layers of MN 300 cellulose (Macherey, Nagel & Co., Duren, Germapy) using the solvent systems phenol + water ( IOO + 39, by wt) and methanol +water + pyridine + conc. HCl(32 + 7 + 4 + I, by vol. ; Perkins & Cummins,
1964)-
Identijication of amino sugars. Hydrolysates prepared for the analysis of amino acids or neutral sugars were sometimes examined for the presence of amino sugars. In more critical studies samples were hydrolysed for 3 hr at 105O with 4 N-HC~ and the hydrolysates were neutralized using Dowex 2 resin in the bicarbonate form. The hydrolysates were then passed down short columns of Dowex 50 resin (200-400 mesh) in the hydrogen form (Boas, 1953)~ and the resin was washed free from neutral solutes. Amino sugars were recovered from the resin by elution with 2 N-HCl and the acid was removed by repeated drying in vacuum over PzOs and KOH at room temperature. Amino sugars were identified by ion-exchange chromatography by using the AutoAnalyser. Paper chromatography was done on Whatman no. I paper using solvent systems IV and V (descending). Spots were detected using alkaline AgN0, (Trevelyan, Proctor & Harrison, 1950) . Confirmation of glucosamine and galactosamine was obtained by ninhydrin degradation after one-dimensional chromatography in solvent system IVY followed by chromatography of the resulting pentoses in the second dimension using solvent system VIII (Stoffyn & Jeanloz, 1954) . For the 198 S. G. WILKINSON identification of amino sugars by gas-liquid chromatography, their trimethylsilyl derivatives were prepared by dissolving samples containing about 200 pg. total amino sugar in dry N,N-dimethylformamide (60 pl.) and adding bis-(trimethylsily1)-acetamide (4opl.). After about I hr at room temperature, samples were analysed using a column packed with 15 % (w/w) Apiezon M on Chromosorb W (60-80 mesh) and operated at 225O with a nitrogen flow rate of 27 ml./min.
Identification of sugars. Samples were hydrolysed for 2 hr at 105' with 2 N-HCI, and the hydrolysates neutralized with Dowex 2 resin in the bicarbonate form. When necessary, neutral sugars were separated from amino acids and amino sugars by passage of hydrolysates down cation-exchange columns as described above. Descending paper chromatography was done on Whatman no. I paper, usually using the solvent systems I, 11, I11 and IVY detecting spots with alkaline AgN03, aniline hydrogen phthalate and periodate-SchWs reagents (Baddiley, Buchanan, Handschumacher & Prescott, 1956 (Edward & Waldron, 1952) were used. When necessary sugars were eluted from chromatograms and their identities confirmed by further tests. Xylose was conclusively differentiated from lyxose by low voltage electrophoresis at 0.4 mA/cm. for 4 hr in 0.05 M-borate buffer (pH 9-6), and also by gas-liquid chromatography of its trimethylsilyl derivative (Sweeley, Bentley, Makita & Wells, I 963). Chromatography was done using a column of 20 % (w/w) silicone SE-30 on Chromosorb W (60-80 mesh) operated at 175O with a nitrogen flow rate of 20 ml./min.
Extraction of loosely bound lipids. Samples (10-25 mg.) of walls were stirred under nitrogen with chloroform+methanol(2 + I, by vol.; 5 ml.) for 2 hr at room temperature. Insoluble residues were collected by filtration of the extract through sintered glass (no. 4 porosity) and were washed with further solvent (10 ml.). The combined extracts and washings were collected in tared weighing bottles and the solvent was removed by evaporation under a stream of nitrogen at room temperpture. The lipid residues were dried overnight in vacuum over P,Os and, after weighing, were dissolved in chloroform + methanol and stored under nitrogen at -20'. Further extractions on a larger scale were made with walls of Pseudomonas diminuta, P. iodinum and P. maltophilia, and with freeze-dried whole P. rubescens organisms. Thin-layer chromatography of lipids. For the identification of phospholipids and other polar lipids, samples were normally examined by chromatography on silica gel G using chloroform +methanol +water (65 + 25 + 4, by vol. 
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Fractionation of lipids from walls of Pseudomonas diminuta. A sample of total lipids (17.89 mg.) was dissolved in chloroform (4 ml.) and the solution was clarified by filtration through sintered glass (no. 4 porosity). Ether (16 ml.) was added to the filtrate and the flocculent white precipitate which developed on standing was collected by filtration, washed with ether and redissolved in chloroform. The weights of lipid soluble and insoluble in ethereal chloroform were 14-41 and 2.87 mg., respectively. The composition of the soluble fraction was studied by thin-layer chromatography. Glycolipids present were isolated by elution from appropriate zones of silica and were partly characterized as described elsewhere (Wilkinson, I 968) .
Fractionation of lipids from walls of Pseudomonas maltophilia. A sample of total lipids (26 mg.) was fractionated on a column of silicic acid (Mallinckrodt, 1 0 0 mesh; 7 g.) packed in chloroform, by stepwise elution with chloroform (100 ml.) and 5, 10, 20 and 33% (v/v) solutions of methanol in chloroform (75 ml. each). Fractions of 5 ml. were collected and samples (I %) were screened by thin-layer chromatography.
Samples of appropriately bulked fractions were retained and the remaining material was recombined and subjected to further chromatography on a similar column of different silicic acid (Baker's Analysed Reagent) using the same scheme of elution. Fractions were again screened by thin-layer chromatography and also by identification of the products formed on mild alkaline hydrolysis of the phospholipids. The lipid samples (containing up to 300 pg. phosphorus) were dissolved in chloroform (I ml.) and 0.2 N-methanolic KOH (I ml.) was added. After incubation of the mixture for 20 min. at 37", ethyl formate (0.05 ml.) was added and incubation was continued for 5 min. Chloroform (I ml.) and water (I ml.) were added and the layers were thoroughly mixed. After centrifugation the aqueous layer was withdrawn and the chloroform layer was further extracted with water (2 x I ml.). With the total phospholipids from P. maltophilia only I 93 % of the initial phosphorus remained in the chloroform layer.
The combined aqueous extracts were passed down a column of Dowex 50 in the ammonium form and the eluate was dried in vacuum over P20,. The residue was examined by paper chromatography using solvent systems X and XIV (ascending) on Whatman no. 541 paper and system XI (descending) on Whatman no. I paper. Chromatograms were sprayed with ninhydrin, periodate-Schiff's reagents and the reagent of Hanes & Isherwood (1949) for phosphorus. The water-soluble products were also identified by high voltage electrophoresis (5000 V for I hr) on Whatman no. I paper in pyridine+acetic acid buffer (pH 3-6; Dawson, 1960) . Limited tests were applied to column fractions containing glycolipids and an ornithine-containing lipid also found in P. rubescens (see below).
Fractionation of lipids from whole Pseudomonas rubescens organisms. The major ninhydrin-positive lipid in the cell wall of P. rubescens contained ornithine but no phosphorus. To obtain larger amounts of this material, lipids were extracted from whole organisms. The total lipids (95 mg., 8.2 % of dry weight) were fractionated on a column of silicic acid (Mallinckrodt) as described for P. maltophilia. A mixture of two glycolipids also present in the cell wall was eluted with 5 yo (v/v) The crude ornithine-containing lipid was eluted using 125% (v/v) methanol in chloroform (350 ml.). After repeat chromatography on a second column of DEAE-cellulose the lipid (18-9 mg., 0.53 % phosphorus) still contained about 10 % phosphatidylethanolamine. The mixture (7 mg.) was subjected to mild alkaline hydrolysis (Gorchien, 1964) during whichall of the phospholipid, but onlypart of the ornithinecontaining lipid, was degraded. The intact lipid and its ninhydrin-positive degradation product were separated by chromatography on silicic acid and were purified by preparative thin-layer chromatography on silica gel G using chloroform + methanol + water (65 + 25 + 4, by vol.). Zones of silica containing the lipids were transferred to small columns and the lipids were eluted using solutions of increasing concentration of methanol in chloroform. After removal of the solvents using a rotary evaporator, the residues were dissolved in chloroform+methanol (2 + I, by vol., 4 ml.) and the solutions were washed with water (I ml.) to remove non-lipid contaminants (Duthie & Patton, 1965). The final yields of the intact lipid and its degradation product were 2-12 and 0.57 mg., respectively. A sample of the intact lipid was hydrolysed under nitrogen with 2 N-HCl (I ml.) for 3 hr at 105" and the hydrolysate was extracted with light petroleum (b.p. 60-80"; 6 x I ml.). Fatty acids present in the extract were methylated using BF,-methanol (Morrison & Smith, 1964) . The methyl esters were examined by gas-liquid chromatography using columns of I o % (w/w) poly-diethylene glycol succinate on Chromosorb W (80-100 mesh) and 20% (w/w) Apiezon L on Chromosorb P (60-80 mesh). Oven temperatures were 160" and 220° and nitrogen flow rates were 26 and 31 ml./min. for the polar and non-polar columns, respectively.
A further sample of the intact lipid was reacted with 2,4-dinitrofluorobenzene (Wheeldon & Collins, 1957 ) and the DNP-lipid was hydrolysed with 6 N-HCl for 4 hr at 1 0 5 ' . The hydrolysate was extracted with ether (6 x I ml.) and the aqueous layer was dried in vacua over P,O, and KOH. The residue was dissolved in n-butanol+ethyl acetate (I + I, by vol.) and examined by thin-layer chromatography on silica gel G using the solvent systems n-propanol+ aq. ammonia sp.gr. 0.88 (7 + 3 by vol. ; Brenner, Niedenvieser & Pataki, 1961) , the upper phase of n-butanol + acetic acid +water (4 + I + 5, by vol.) and 2-chloroethanol+ toluene + pyridine + 20 % (w/v) aq. ammonia (I o + 7 + 3 + 2, by vol. ; Pataki, I 967).
Extraction of cell walls of Pseudomonas iodinum with trichloroacetic acid. Lipid-free walls (202 mg.) of P. iodinum were stirred for 24 hr at 4" with 10 yo (w/v) aq. trichloroacetic acid (25 ml.) Insoluble material was collected by centrifugation, extracted for 48 hr with further solvent (25 ml.), washed four times with deionized water and freeze-dried (yield I 19 mg.). Both extracts were clarified by filtration through glass sinters (no. 4 porosity) and each was added to acetone (100 ml.) at 4". As very little precipitate formed on standing for 4 days at 4O, most of the acetone was removed from the combined extracts at 20" using a rotary evaporator. The aqueous residue was made to IOO ml. and samples were taken for phosphorus analysis. The remaining solution was extracted with n-butyl acetate (6 x IOO ml.; Young, 1964)~ neutralized by the addition of 2 drops of dil. aq. ammonia and freeze-dried. The white, deliquescent solid (I 19 mg.) was analysed for phosphorus and sugars.
As the weight of the crude extract exceeded the loss in weight of the cell walls (83 mg.), the remaining material was dissolved in water (10 ml.) and was dialysed for 3 days at 4" against deionized water (2 l.), with external stirring and four changes of water. During dialysis 78 % of the weight of material and 30 yo of the total phosphorus Cell walls of pseudomonads 20 I passed into the diffusate. The non-difhsable residue was dried down as a colourless glass (20 mg.). The mobility of phosphorus-containing material on low voltage (0.6 mA/cm. for 3 hr) and high voltage (5000 V for I -5 hr) electrophoresis in pyridine + acetic acid buffer (pH 3-6), and the behaviour on paper chromatography in solvent system X were studied. Organic phosphates formed on hydrolysis with 2 N-HCl for 3 hr at 1 0 5 O were eluted from a paper chromatogram run in solvent system X, and were incubated under toluene with alkaline phosphatase (Sigma Chemical Co.) at I mg./ml. in 0.05 M-ammonium carbonate buffer (pH 9-3) for 16 hr at 37". After drying down, the residue was examined for sugars and polyols by paper chromatography.
Extraction of cell walls with EDTA. Suspensions of cell walls (4 mg./ml.) in 0.05 M-borate buffer (pH 9.2) were treated with equal volumes of 6.8 mM-EDTA in the buffer or of buffer alone. After I hr at 20' insoluble residues were deposited by centrifugation for I hr at 10,000 rev./min. and the supernatant fluids were analysed for phosphorus (Gray & Wilkinson, 1965b) .
RESULTS
General observations
Although the quantitative results tabulated below relate only to single batches of cell walls from each bacterium, analyses on different batches were qualitatively and, except in the case of Pseudomonas iodinum, quantitatively reproduced. The nature of the analytical variations for P. iodinum is described in a later section. Only in preparations from P. diminuta was there evidence from electron micrographs of significant contamination of the walls by cytoplasmic or other materials. The preparations from P. diminuta contained a small amount of material similar to that found to contaminate wall preparations from Rhizobium trifolii (Vincent, Humphrey & North, 1962) . The possibility that this material was P-hydroxybutyrate polymer was borne out by subsequent studies on lipids extracted from the preparations. The cell walls from P. iodinum differed notably from the others in being pure white and in the ease with which clean preparations were obtained by washing procedures alone. Although treatment with enzymes was included in the purification scheme, this step appeared to be unnecessary with P. iodinum. These properties and the smooth, clean appearance of the walls in electron micrographs are usually more characteristic of Gram-positive than of Gram-negative bacteria. The infrared spectrum of the walls of P. iodinum (Fig. I ) also differed appreciably from those of the cell walls of Gram-negative bacteria (Gray & Wilkinson, 1965 b) . The relatively weak absorptions at about 2900 cm.-l (associated with C-H stretching vibrations) and at 1655 and 1550 cm.-l (amide I and I1 bands) indicate that the cell walls contain little lipid or protein. The infrared spectra of the other cell walls studied are dominated by absorption bands from protein components. The spectrum of the walls of P. diminuta also contains an unusually strong band at 1730 cm.-l (probably ester carbonyl absorption). None of the spectra contain the minor absorption band at 928 cm.-l present in the spectra of the EDTAsensitive organisms P. ueruginosa and P. alcaligenes 
General analyses
The results of quantitative analyses on the cell walls are summarized in Table I . It can be seen that the walls of Pseudomonas iodinum contained essentially no lipid, while the low nitrogen analysis was also consistent with a low content of protein as inferred from the infrared spectrum. The phosphorus content of the cell walls of P. iodinum was notably high while that of the walls of P. diminuta was notably low. 
Amino acid composition
It was coniirmed by paper, thin-layer and ion-exchange chromatography that the walls of Pseudomonas diminuta, P. maltophilia, P. pavonacea, and P. rubescens contained a wide range of amino acids in amounts expected for protein-containing materials. In the walls of P. iodinum only alanine, glutamic acid and a,€-diaminopimelic acid (together with amino sugars) were present in major amounts. The results of quantitative analyses of amino compounds are given in Table 2 ; nitrogen recoveries were in the range 93-105 %.
Amino sugar components
The glycosaminopeptide components muramic acid and glucosamine were present in each of the wall preparations. The results of quantitative analyses (uncorrected for destruction of amino sugars during hydrolysis) are included in Table 2 . Galactosamine was a minor component of the wall of Pseudomonas iodinum and was not detected in the walls of the other bacteria. Direct preparation of the trimethylsilyl derivatives of the three amino sugars, without prior N-acetylation by the method described, was found to be more reliable than other methods reported (Karkkainen, Lehtonen & Nikkari, 1965 ; Radhakrishnamurthy, Dalferes & Berenson, 1966) . By using a column of Apiezon M two peaks were found for each amino sugar. Retention times relative to that of the derivative from a-glucopyranose were: glucosamine, 0.99 and 1-22; galactosamine, 0.76 and 0.86; muramic acid, 2-32 and 2.71. No interference from amino acids present in the hydrolysates was found under the conditions used. 
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Sugar components The monosaccharide components of the walls (other than amino sugars) whose presence was confirmed by chromatography are given in Table 3 , which also indicates the amount of each sugar relative to other sugars in the same cell wall, as judged by the intensities of spots on paper chromatograms. In addition to the monosaccharides listed, hexuronic acids have been detected in the wall lipids of Pseudomonas diminuta, On: Fri, 11 Jan 2019 02:44:23 204 S. G. WILKINSON P . maltophilia and P. rubescens (Wilkinson, I 968). Estimates for total carbohydrate and for 2-keto-3-deoxyaldonic acids (Table I) , and for rhamnose in the wall of P. maltophilia (I 6.4 yo), were made by colorimetric methods. In the thiobarbiturate test for 2-keto-3-deoxyaldonic acids the absorption peaks produced were as expected for P. diminuta (549 mp), P. iodinum (548 mp) and P. pavonacea (548 mp). Under comparable conditions a weak absorption peak at 543 mp was obtained for P. maltophilia, while P. rubescens gave no obvious reaction. In the cysteine reaction for aldoheptoses none of the walls gave spectra containing significant peaks at about 505 mp (a minor peak at 507 mp for P. rubescens was also present in a control without added cysteine). By using the differential extinction (505 mp minus 545 mp) given by Osborn (I 963) for L-glycero-D-mannoheptose, apparent heptose contents were calculated for the walls of P. diminuta (0.55 %), P. maltophilia (0.93 yo) and P. rubescens (1.15 %); results for P. iodinum and P. pavonacea were negligible. Confirmation of suspected heptoses was not attempted. The unknown sugar present in the wall of Pseudomonas maltophilia could not be identified by paper chromatography. It was not adsorbed either by cation-or anionexchange resins and therefore appeared to be a neutral sugar. It appeared to be fairly rapidly released on acid hydrolysis of the walls (after 5 min. at 100' in N-HCl only rhamnose was present in the hydrolysate in larger amount) and was not noticeably acid labile. It readily reduced alkaline AgN03 and its colour reactions with aniline hydrogen phthalate, p-anisidine hydrochloride and naphthoresorcinol were the same as for the aldopentoses. No reaction was detected with periodate-Schiff's reagents, ninhydrin, thiobarbiturate reagents or reagents for deoxysugars (Edward & Waldron, 1952) with amounts of sample which were readily detected by the preceding reagents. The RRhsmnoae values of the compound on descending paper chromatography in various solvent systems were as follows I, 1.19; 11, 1-19; 111, 1.41; IV, 1.12; XII, 1-14; XIII, 1-39; XV, 1-17. The compound was differentiated from the 3,6-dideoxyhexoses which occur in bacterial lipopolysaccharides by its relative stability to acids and by its reactions with aniline hydrogen phthalate and periodate-thiobarbiturate reagents (Westphal & Liideritz, 1960) . If the compound is a derivative of an aldopentose its high mobility on chromatograms might be explained, for example, by the presence of an 0-methyl substituent.
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Lipid components
The contents of the loosely bound lipids of the wall preparations are given in Table I . Phosphorus analyses of the lipids were : Pseudomonasdiminuta, 0.2 I yo ; P. maltophilia, 2-34 % ; P. pavonacea, 2-92 % ; P. rubescens, 0.69 %. The range of components in each of the lipid extracts, as revealed by thin-layer chromatography, is illustrated in Fig. 3 . Some of the components could be identified by using a variety of solvent systems and spray reagents, but others required more detailed study.
Lipids from Pseudomonas diminuta. The total lipids from P. diminuta were separated into an ether-soluble fraction (83-4 %) and an ether-insoluble fraction (16.6 %). The latter fraction was obtained as a translucent plastic film on drying a solution in chloroform. The infrared spectrum of the film (pressed between KBr windows) closely resembled a reference spectrum of poly-P-hydroxybutyrate, although there was evidence for a small amount of additional ester material. The film was rolled into a capillary tube and its melting range determined as 167-169". On stronger heating the liquid decomposed and colourless crystals (presumably crotonic acid) were formed in the cooler part of the tube. Thus the original wall preparation appeared to contain about 4-7 % of poly-P-hydroxybutyrate. The polymer may correspond to the spot of highest Rp value in Fig. 3 .
Of the ether-soluble lipids only two minor components contained phosphorus. The component having the higher Rp value might have been phosphatidic acid, while the other phospholipid rapidly gave a purple colour with periodate-Schiff's reagents and was probably phosphatidylglycerol. Small amounts of free fatty acid and a series of unidentified ninhydrin-positive components were also present. As lipid extracts were not treated for the removal of non-lipid contaminants, the latter may be impurities. The major ether-soluble lipids (D 2 and D 6 in Fig. 3) were isolated by thin-layer chromatography and have been partly characterized as glycolipids containing glucose and a hexuronic acid (Wilkinson, 1968) .
Lipids from Pseudomonas rubescens. Glycolipids were isolated from whole cells of P. rubescens and were present in the wall lipids of this organism (R 3 and R 7 in Fig. 3) . Small amounts of unidentified neutral lipids and fatty acids and a trace of phosphatidylglycerol were also present in the cell-wall extract, together with larger amounts of phosphatidylethanolamine and an unidentified, ninhydrin-positive phospholipid. Phosphatidylethanolamine was calculated from the ethanolamine content of the total lipid extract to constitute about 12 yo of the lipid and to account for about 77 % of the lipid phosphorus. Although the shape and position of the spot for the unidentified phospholipid (R g in Fig. 3) resemble those of phosphatidylserine, it was readily differentiated from the latter compound using a basic plate and an acidic solvent system (Skipski et al. 1963 ). This lipid has not been studied further.
The major lipid in the wall of Pseudomonas rubescens reacted strongly with ninhydrin (although more slowly than did phosphatidylethanolamine) and did not contain phosphorus. It overlapped, or was barely separated from, phosphatidylethanolamine in all the solvent systems tried. In these respects it resembled the ornithinecontaining lipid recently shown to occur in a number of other bacteria (LanCelle, LanCelle & Asselineau, 1963; Gorchein, 1964; Depinto, 1967) . It was confirmed that the total lipids from the wall of P. rubescens contained about 8 yo ornithine. Virtually A small amount of the ornithine-containing lipid was isolated from whole Pseudomonas rubescens organisms as described under Methods. The infrared spectrum of the purified lipid is given in Fig. 2 . It contains absorption bands indicative of ester, amide and amino groups. No ester carbonyl absorption band was present in the spectrum of the partly degraded lipid isolated after alkaline hydrolysis, and absorption bands in the region 1500-1700 cm-l were unresolved. The ornithine content of the intact lipid D, Pseudomonas diminuta: I, neutral lipid; 2, glycolipid; 3, fatty acid; 4, phosphatidic acid (?) ; 5, phosphatidylglycerol ; 6, glycolipids ; 7, ninhydrin-positive components. R, Pseudomonas rubescens: I, 2, neutral lipids; 3, glycolipid; 4, fatty acid; 5, phosphatidylethanolamine; 6, ornithinecontaining lipid; 7, glycolipid; 8, phosphatidylglycerol ; 9, unidentified ninhydrin-positive phospholipid. M y Pseudomonasrnaltophilia : I, 2,3, neutral lipids ; 4, glycolipid ;
5, cardiolipin ; 6, fatty acid ; 7, unidentified phospholipid; 8, phosphatidylethanolamine;
9, ornithine-containing lipid; 10, glycolipid and phosphatidylglycerol ; I I, unidentified phospholipid. P, Pseudomonas pavonacea: I , 2, 3, neutral lipids; 4, fatty acid; 5, unidentified phospholipid ; 6, phosphatidylethanolamine ; 7, phosphatidylglycerol : 8, lysophosphatidylethanolamine (?); 9, unidentified phospholipid.
was 21 yo, compared with the value of 17 yo found for the corresponding lipid from a Mycobacterium species (LanCelle et al. 1963). As these authors have pointed out, these results indicate that the lipid contains two long-chain fatty residues per mole of ornithine. The analysis also indicated that the lipid constituted about 40 % of the total lipid in the cell wall of P. rubescens. The lipid reacted with 2,4-dinitrofluorobenzene to give on hydrolysis an acid-soluble, ninhydrin-positive DNP-derivative.
The derivative moved as a single spot corresponding to 8-DNP-ornithine on thin-layer Cell walls of pseudomonads 207 chromatography using n-propanol + aq. ammonia sp.gr. 0.88 (7 + 3, by vol.). The results obtained with two other solvent systems were similar except that the lipid derivative was split into two closely spaced spots, whereas the reference compound was not. As ornithine was the only amino acid present in the lipid these results might be explained in terms of an ionic equilibrium; a sample of a-DNP-ornithine was not available for chromatographic comparisons. Simple long-chain alcohols such as n-hexadecanol were not detected either by thinlayer or gas-liquid chromatography of material extracted by light petroleum from an acid hydrolysate of the ornithine-containing lipid, nor of the chloroform-soluble material obtained during mild alkaline hydrolysis of the crude lipid. After methylation of the material from the acid hydrolysate at least 20 components were detected by gas-liquid chromatography. Of the nine major components only the methyl esters of the straight chain Clb, and C18:1 acids were readily recognized. Further work on this lipid will be reported separately.
Lipids from Pseudomonas maltophilia. A small amount of an ornithine-containing lipid was also present in the wall of P. maltophilia. It had the same properties as the corresponding lipid from P. rubescens both on thin-layer and silicic acid column chromatography. Small or trace amounts of glycolipids, fatty acids and neutral lipids were also present. One of the neutral lipids had the mobility of a hydrocarbon on thinlayer chromatography. Of the five phospholipids in the extract, the one present in the largest amount was apparently cardiolipin. The water-soluble phosphate ester formed on mild alkaline hydrolysis had the same properties as the corresponding product from a reference sample of cardiolipin (Sylvana Chemical Co., Orange, New Jersey, U.S.A.) on high voltage electrophoresis and on paper chromatography in three solvent systems. On thin-layer chromatograms the parent lipid moved rather more slowly than the reference compound in all solvent systems tried, and its behaviour on a silicic acid column was also uncharacteristic. Whereas cardiolipin is normally the first of the common phospholipids to be eluted, only a small amount of the lipid from P. maltophilia was eluted using 5 and 10 % (v/v) methanol in chloroform. Most of the lipid was eluted along with phosphatidylethanolamine (M 8 in Fig. 3 ) using 20 % (v/v) methanol, while a further amount free of phosphatidylethanolamine was only recovered using 33 % (v/v) methanol in chloroform. This result was reproduced using two different grades of silicic acid. It was similarly shown that the small amount of phosphatidylglycerol present in the extract was retarded on a column compared with the same lipid from P . rubescens. These findings might be most easily explained by the effects of cations on the chromatographic properties of the lipids (De Haas, Bonsen & van Deenen, 1966) , although the possibility of structural variations has to be considered (Courtade, Marinetti & Stotz, 1967) . Of the two remaining phospholipids from P . maltophilia at least one (M 7 in Fig. 3 ) may be a decomposition product of cardiolipin; it was eluted from silicic acid using 33 % (v/v) methanol in chloroform. After deacylation of a mixture of the four phospholipids of highest Rp values, only spots corresponding to bis-(glycerophosphory1)-glycerol, glycerophosphorylglycerol and glycerophosphorylethanolamine were detected on paper Chromatography and electrophoresis. The fifth phospholipid has not been further studied.
Lipids from Pseudomonas pavonacea. As only 1.16 mg. of lipid from the wall of P. pavonacea was obtained, extensive studies were not possible. Phosphorus analysis and thin-layer chromatography of the extract showed a high content of phospholipids, 208 S. G. WILKINSON principally phosphatidylethanolamine. A moderate amount of phosphatidylglycerol, two unidentified phospholipids and a ninhydrin-positive phospholipid having the Rp values of lysophosphatidylethanolamine were also detected. However, the possibility that the latter compound was an 0-amino acyl ester of phosphatidylglycerol was not excluded. The other unidentified phospholipids (P 5 and P g in Fig. 3 ) resembled those described for P . maltophilia. Although cardiolipin was not detected, the substantial amount of the compound thought to be lysophosphatidylethanolamine suggested that degradation of the phospholipids of P . pavonacea might have been unusually extensive. A moderate amount of free fatty acid and traces of neutral lipids were also found in the extract.
Material extracted from cell walls of Pseudomonas iodinum by trichloroacetic acid
The Gram-positive character and the high phosphorus content of the cell wall of P. iodinum suggested that a teichoic acid might be present. To examine this possibility a larger quantity of cell walls was prepared. As with the first batch, the walls contained very little lipid (0.6 %) and very little protein relative to glycosaminopeptide. However, the phosphorus content was reduced to 1-67 % and more galactose than glucose was present. During extractions with trichloroacetic acid two-thirds of the total phosphorus was solubilised. Only I % of the soluble phosphorus was estimated as inorganic orthophosphate, and none of it was extracted from aqueous solution by n-butyl acetate. The solid obtained on drying the crude extract contained both glucose and galactose but only traces of ninhydrin-reactive compounds. Several spots corresponding to organic monophosphates and diphosphates were detected on chromatography of an acid hydrolysate.
After purification by dialysis 20 mg. of non-diffusable material remained. It contained 4-32 % phosphorus, 2-0 % nitrogen and 3 I .6 % carbohydrate (calculated as glucose although galactose was still the major sugar). After hydrolysis for 4 hr at 105' with 6 N-HCl, at least 80 yo of the nitrogen in the sample was recovered as ammonia; galactosamine (0.24%) and traces of amino acids were also found. On low voltage electrophoresis the phosphorus-containing material moved as a discrete ova1 spot. The distance moved by the centre of the spot after 3 hr at 0.6 mA/cm. was 5.8 cm., compared with a-glycerophosphate (4-9 cm.) and a,a'-glycerol diphosphate (6.4 cm.).
On high voltage electrophoresis the material moved as a long streak. Similarly, on paper chromatography using solvent system X the material streaked forward from the origin. After acid hydrolysis, glycerol and possibly glycerophosphate were detected ; ribitol, anhydroribitol and inositol were:absent. An unidentified compound was also detected in the hydrolysate. The compound gave a weak or negative reaction with alkaline AgN03, but rather rapidly gave a yellow colour with periodate-Schiff's reagents. The compound, together with glycerol and a compound having the mobility and reactions of a hexitol, was formed on enzymic dephosphorylation of the mixture of organic phosphates formed on partial acid hydrolysis. Thus the former compound could be an anhydrohexitol (Baddiley, Buchanan & Carss, 1957). InsufEcient material was available for more conclusive studies to be made.
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Extraction of cell walls with EDTA No specific action by EDTA was found with any of the walls from so-called resistant organisms when using conditions under which EDTA has been shown to extract a substantial proportion of the lipopolysaccharide component from the cell walls of Pseudomonas aeruginosa and P. alcaligenes. ( Table 4 ). The absolute values for soluble phosphorus do not necessarily reflect sensitivity of the cell walls to the mildly alkaline buffer, as the walls differed in the ease with which they were deposited on centrifugation. 
DISCUSSION
Although several wall components have remained unidentified or have been incompletely characterized, the composition of each of the species of cell wall studied has been established in broad outline and in some detail. The bacteria selected for study were originally described as being resistant to EDTA, by using as criteria for sensitivity the release of intracellular solutes and the loss of viability under the action of EDTA. The description has now been substantiated both by the failure of EDTA to extract significant amounts of phosphorus from isolated walls and by the absence from these walls of those components which appear to characterize the lipopolysaccharides of EDTA-sensitive pseudomonads. The composition of the cell wall of Pseudomonas iodinum is so distinctive that it is best discussed apart from those of the other bacteria. P. iodinum is a non-motile, Gram-positive or Gram-variable bacterium which has been included in the genus Pseudomonas because it produces a phenazine pigment (Tobie, 1945; Gilman, 1953) . From studies on DNA base composition and homology, its inclusion in the genus has been considered doubtful (De Ley, Park, Tijtgat & van Ermengem, 1966) . Sneath (1960) suggested that the organism might belong to the genus Corynebacterium or to the genus Brevibacterium. The results of the present work confirm that P. iodinum is misplaced in a genus of Gram-negative organisms; the cell wall contains virtually no lipid or protein. Glycosaminopeptide components and ammonia liberated on acid hydrolysis accounted for about 95% of the total nitrogen of the cell wall. If the analytical results for amino sugars are corrected for the destruction of the pure compounds which occurred under the conditions of hydrolysis (glucosamine 32 %, muramic acid 41 yo), the molar ratios of the glycosaminopeptide components can be calculated. The ratio glutamic acid : alanine : diaminopimelic acid : glucosamine : mura- The material extracted from the cell wall of Pseudomonas iodinum by trichloroacetic acid probably is, or includes, material resembling a teichoic acid. The behaviour of the material on paper chromatography, electrophoresis and on dialysis support this view. Further evidence is provided by the detection of polyols, probably including glycerol and a hexitol, after enzymic dephosphorylation of the products obtained after partial acid hydrolysis of the material. It differed from conventional teichoic acids in not being readily precipitated from aqueous solution by acetone and in the absence of alanine. Although the amount of the material present in the cell wall was variable, it occurred in all batches of walls prepared. It is likely that galactose is a component of a separate polysaccharide also extracted from walls by trichloroacetic acid. This is suggested by the fact that the relative amounts of glucose and galactose were reversed in the batch of walls with the lower phosphorus content. This view is also supported by preliminary results on a batch of walls from P. iodinum organisms grown in liquid culture. The material extracted by trichloroacetic acid had an enhanced phosphorus content (8.0 %) and a decreased carbohydrate content (16.6 %). Glucose, but little or no galactose, was present in an acid hydrolysate of this material. No explanation has been found for the positive reaction for 2-keto-3-deoxyaldonic acids obtained with whole walls of P. iodinum (Table I) . However, the result is unlikely to indicate the presence of lipopolysaccharide, of which 2-keto-3-deoxyoctonic acids are characteristic components (Ellwood, 1966) , as in all other respects the composition of the wall of P. iodinum is that expected for a Gram-positive organism.
The composition of the walls of Pseudomonas diminuta, P. maltophilia, P. pavonacea and P. rubescens is consistent with the Gram-negative reactions of these bacteria. Each species of wall contains appreciable amounts of protein and loosely bound lipid, and correspondingly decreased amounts of glycosaminopeptide. From the analyses of diaminopimelic acid and muramic acid it appears that the wall of P. pavonacea has the highest (about 20 %) and that of P. rubescens the lowest (about 4 yo) content of glycosaminopeptides. Although the amounts of walls available were insufficient for the extraction of lipopolysaccharides, there was evidence for the presence of such compounds in each species of wall. For example, the percentage of the total phosphorus of walls extracted as loosely bound lipids ranged from 17% (P. rubescens) to 39% (P. diminuta). The situation is least clear for P. diminuta. Although the wall of this organism was the only one which apparently gave reactions both for a 2-keto-3-deoxyaldonic acid and for an aldoheptose, it had a very low content of phosphorus. It was also the only wall in which analysis did not show a molar excess of glucosamine over muramic acid. Both phosphorus and glucosamine are currently accepted as basal components of bacterial lipopolysaccharides. It seems unlikely that the structure of the wall of P . diminuta is comparable with the structures of the other walls studied.
The walls of Pseudomonas diminuta and P . rubescens had particularly high lipid contents and were notable for the presence of major amounts of glycolipids and an ornithine-containing lipid, respectively. It is possible that in P. diminuta the structural or functional roles of phospholipids are partly taken by glycolipids. The reactions of the ornithine-containing lipid with ninhydrin and with 2,4-dinitrofluorobenzene indicate that one amino group of the ornithine (probably that in the bposition) is
